In Escherichia coli, the synthesis of the t'lagellar organelle is 
grown under conditions of catabolite repression. The presence otf the cf/s mutation restored the specif'ic synthesis of' these two polypeptides. W'e suggest that the f'ormation of' the flaI gene product is the stel) in flagellar synthesis that is catabolite sensitive and requires cAMP. \We propose a regulatory f'unction t'for the product of' the flal gene.
It has been recognized for some time that the svnthesis ot' the f'lagellar organelle of Escherich ia coli is sensitive to catabolite repression. Cultivation ot' Fla strains in the presence of catabolite-repressing substrates such as glucose prevents the synthesis of f'lagella (1) , and this eft'ect can be reversed bv the addition of exogenous cyclic 3',5'-adenosine monophosphate (cAMP) (2) . Mutants lacking adenylcyclase activity (Cva) produce little or no cAMP and are unable to synthesize f'lagella unless an exogenous supply Ot' cAMP is provided (11) . In addition to cAMP. another regulatory protein.
the cAMP receptor protein (Crp1) (:) . is required. and mutants det'ective in this f'unction are also unable to synthesize fla,ella. To investigate the mechanism of this ett'ect. we sought mutants of E. (coli in which the synrthesis ot' flag,ella was insensitive to catabolite repression, i.e.. constitutive mutants. They were obtained by selecting motile clones f'rom an E. (oli strain that was phenotypically Fla because of' the presence ot' a crp mutation. Several such conPresent address: Department of' Pathology. VniversitY ot C'olorado School of Medicine. Denxer. Colo. 80220. stitutive mutants were isolated. and the genetic alteration was shown to lie in a reg-ion ot' the E. co/i chromosome known to contain previously def'ined f'lagellar genes. We report our characterization of' these mutations and otf'er a proI)osal f'or the mechanism ot' the regulation of fla,ellar svnthesis bv cAMP.
MATERIALS AND METHODS
Media. Trvptone broth contained. per liter of distilled water: trvptone (Dif'co). 10 gN NaCl. 5 g: and thymine. 0.1 g. L broth contained, per liter ot' distilled water: tryptone, 10 g; NaCl. 10 g; yeast extract (Ditfco). ha; and glucose. 2 g. Glucose was added aseptically after autoclaving. L, agar plates were prepared by addingT 1.5', agar Dif'co) to L broth.
Motility agar plates were prel)ared by adding 0.:315 agar to tryptone broth. Thymine (0.1 g) was added to each liter of the above media where cultivation of a Thy strain was required.
Minimiial mediuLma con0tained, per litet of dist illed water: K2HPO4. 11.2 g; KH,Po4. 4 (5) and grow poorly on tryptone medium, 5 g of D-glucose per liter was added to minimal medium and 0.5 g of D-glucose per liter was added to tryptone medium to insure adequate growth. When it was necessary to add cAMP to growth medium or motility plates, cAMP (Sigma Chemical Co.) was added to a final concentration of 10 2 M and the pH was adjusted to 7.0 with 0.1 N NaOH before sterilizing. Cultivation of bacteria on these media was at 37 C unless otherwise noted.
Strains. Most of the E. coli K-12 strains used in this study are shown in Table 1 and are derived from strain MS1350, with which most of our earlier flagellar studies were done. The preparation of strain MS1350 has been previously described (9) .
Construction of Cya-and Crp-strains. Hfr strains 5333 (Crp-) and 5336 (Cya-) were used to transfer the crp and cya genes to strain MS1350. Strains 5333 and 5336 are derived from strain HfrH and have an origin of transfer represented at 0 min on the E. coli genetic map (3, 5) . Matings were performed in L broth with approximately equal proportions of donor and recipient bacteria (2 x 108 donor and recipient cells), and incubation was for 2 h without shaking in a 10-ml volume in a 250-ml Erlenmeyer flask. The mating mixture was washed and concentrated in 0.1 ml of minimal salts medium and spread on four minimal agar plates supplemented with histidine, thymine, and thiamine. Deletion analysis. Two techniques were developed to select F elements with deletions in the flagellar genes. They have previously been described as the isolation of "type 1'' and "'type 2" F elements (7) . Strain JC1553, harboring an F factor that carried one of the cf.s mutations, F1829 (7) , was spread across the center of' a tryptone motility plate containing 5 g each of D-glucose, D-gluconate, and D-mannitol per liter. Motile swarms were selected, and many of' them now carried deletions on the F element extending through some of' the flagellar genes in the his-aroD region. The deletions arise because a locus between his and the flagellar genes must be deleted to eliminate the excessive accumulation of mucopolysaccharide product by this merodiploid strain. This accumulation of' mucopolysaccharide interferes with the svnthesis of' flagella (9) . The F element carrying the c/s mutation must retain it since motility is tested for under catabolite-repressing conditions. Thus, there exists a selective pressure for the retention of' the F element itself'. F elements so obtained were designated "type 1.' Another method was used to obtain 'tvpe 2" F elements, and this procedure utilizing selective pressure for the deletion of' the exogenote hag locus and has also been described previously (7) . Type 2 F elements delete more extensively in the flagellar region due to the lack of' requirement for the retention of any of the flagellar genes. The extent of the deletion on the episome was determined as previously described (7) .
Introduction of specific gene defects. The technique for isolation of the specif'ic episomal flagellar point mutations has been described previously (6) 
RESULTS
A series of motile derivatives of' the Crp strain was selected. Each one was then tested for its ability to utilize maltose and lactose.
About 60%7 of the clones regained the ability to use both sugars. The other clones that retained their inability to utilize the sugars, however, were motile. Four such clones were picked and designated MS1825, MS1827, MS1828, and MS1829 (Table 1 ). All motile clones derived from the Cya strain regained the ability to utilize maltose and lactose. This may be due to the high reversion rate of the cva mutation in strain 5336. The movement in tryptone motility agar of strain MS1829 is shown in Fig. 1 . This mutant (and the other three as well) can also swim through motility agar to which cataboliterepressing substrates (glucose, gluconate, and mannitol) have been added, whereas movement of wild-type strain MS1350 is severely impaired (Fig. 1) .
Linkage to his. His-recombinant clones resulting from the 30-min mating of' Hf'r strain KL96 with strains MS1825, MS1827. and MS1828, and MS1829 were examined for the retention of constitutive f'lagellar synthesis by testing the motility of' cells derived f'rom the His-recombinant clones on minimal motility agar (plus glucose). For strains MS1825, MS1827, MS1828, and MS1829, 60 to 69%c of the His-recombinant clones no longer had the Flaphenotype. Since the mutant character was lost concomitantly with the recombination of'the his gene, we concluded that the genetic alteration in these mutant strains was probably linked to his and lay in the vicinity of' the flagellar genes, i.e., those known to reside in the his-aroD region of the E. coli chromosome.
Transfer to F elements. The mutation in strain MS1829 was obtained on the F element as described in Materials and Methods. This allowed transfer of' the mutation to other genetic backgrounds and tests of the properties conferred on the recipient strain by its presence.
Transf'er of' the mutation into MS1350 enabled this strain to swim even when grown on plates containing GGM. When the episomes carrying the c/s mutations were transf'erred into strains MS1822 and MS1823, flagella were synthesized and the strains became motile. They were also motile when grown on GGM plates. Thus the mutations appear to be dominant and allow the synthesis of flagella under conditions of' catabolite repression in the wild type and in Cya-and Crp strains.
Deletion analysis. Deletions in the F element, F1829, were used to def'ine the relative position of' the cf/s mutations. Fig. 2 shows our present knowledge of' the organization of the flagellar genes in the his-aroD region. Table 2 shows some of' the F elements derived from F1829 and the effects of specif'ic deletions on the expression of' the Cfs-phenotype. The endogenote carries all of' the structural genes f'or making functioning flagella, and the episomes carry the cfs genes that confer constitutivity, i.e., that allow flagellar synthesis in the presence of' catabolites and in the absence of' Cya and Crp. These abilities are lost when deletions are made in the /1aI-mot region (region II) of' the episome. Thus, f#or example, F1950, F1943, and F1967 lost constitutivity, whereas F1900, F1970, and F1971 all retained the ability. Figure 1 shows the relative motility of' some of' these strains. For example, strain MS1822 harboring F1971 was motile on tryptone motility agar and tryptone motility agar plus GGM (growth was faint on some plates in Fig. 1, making flaI, mot, or flaH on the endogenote ( Table 3 ). All of these merodiploids were insensitive to catabolite repression. Thus mutations in these genes, when they are trans to cfs, have no effect on its expression. The strains were then treated with mutagen and Fla-mutants were selected. The mutations on the episomes in these strains were defined by complementation analysis. The episomes were then transferred into a RecA derivative of strain MS1350 and tested for their ability to allow the strain to swim on tryptone agar containing GGM (Table 3) . Whenever the episome carried a flaI mutation, it lost its ability to confer resistance to catabolite repression. Mutations in the mot or flaH genes on the episome or in the endogenote had no effect. Thus, in order for the cfs mutation to function, it requires that the flaI gene in the cis position be intact. Further confirmation of these results was obtained by repeating this analysis with the other three mutant strains (MS1825, MS1827, and MS1828). First, the mutations were mobilized by transferring them to an F element carrying a flaI mutation (flaI9216). The The episomes were transferred to the recipients. and the recipients were tested tor motility (see Fig. 1 ).
ment was introduced into the strains and then transferred to strain JC155.3. Clones of the repository strain were tested, and all of the strains that had acquired the ability to transter insensitivity to catabolite repression on the episome were shown tko have also lost the flaI9216 mutation. These new F elements were used to obtain deletions, and as before the type I deletions never extended into the flaI gene but (Table 5 ). If exogenous cAMP was added, the levels of both of these components increased markedly. There was at least a 10-to 100-fold increase in each component. The Cya derivative of strain MS1381 behaved in a similar fashion; i.e., in the absence of added cAMP, polyhooks could not be detected either by immunochemical or electron microscope techniques. However, after growth in the presence of cAMP, polyhooks were found.
Since the levels of cAMP within the cell appear to control the synthesis of both the hook protein and the hag gene amber fragment, and since the c/s mutations make the synthesis of flagella insensitive to the levels of cAMP, we introduced the c/s alteration into Cya-strains tations behave in a trans-dominant fashion; i.e., they confer insensitivity to catabolite repression when they are introduced into RecA wild-type strains. Deletion analysis showed that the mutations isolated were in or very near to the flaI gene. These mutations were furthermore related to the expression of the flaI gene.
Biochemical studies showed that two flagellar components, the hook protein subunit and the hag gene amber fragment, are sensitive to the levels of cAMP in the cell. Transfer of F elements carrying the cfs mutations to Cyastrains resulted in the synthesis of the hook subunit and the hag gene amber fragment.
These observations, taken together, suggest to us the following mechanism for the regulation of flagellar synthesis. This mechanism is analogous to the one proposed for the lactose operon where promoter mutations release transcription of that operon from the requirement for cAMP and Crp (3, 10) . However, the flagellar system is more complex since there are at least 20 genes necessary for flagellar formation and function. These are separated into at least six different operon-like units. We can imagine that the flaI gene product acts as promoter in all of these units or, more probably, that it activates one of these units which in turn produces a regulator for the next unit, and so on in a cascade fashion.
We do not know the product of the flaI gene, and since the specific mapping experiments necessary to define a promoter region have not yet been done, the explanation for the nature of the cfs mutation is only hypothetical. As might be expected from the above mechanism, flaI mutations that result in strains with a Flaphenotype do produce the hook subunit protein.
In fact, of the many classes of flagellar mutants that we have examined, only all of the strains with flaI gene mutations lack the hook subunit protein (Silverman and Simon, manuscript in preparation). Therefore, the flaI gene may specify a structural protein, the hook subunit, and the management function of the flaI gene product need not act only at the level of transcription of other flagellar genes. Determination of the identity of the flaI gene product should precede further speculation about the influence of the flaI gene product on the synthesis of flagellar components.
The finding of strains that show good motility on agar plates even in Cya-strains suggests that cAMP may not be necessary for chemotaxis. This suggestion is currently being tested.
